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 Abstract 

 

Tobacco and alcohol are the most commonly used drugs of abuse and show the most serious co-

morbidity. The mesolimbic dopamine system contributes significantly to nicotine and ethanol 

reinforcement, but the underlying cellular signaling mechanisms are poorly understood. 

Nicotinic acetylcholine receptors (nAChR) are highly expressed on ventral tegmental area 

(VTA) dopamine neurons, with relatively low expression in nucleus accumbens (NAcb) neurons.  

Since dopamine receptors (D1 and D2) are highly expressed on NAcb neurons, nicotine could 

influence NAcb neurons indirectly by activating VTA neurons to release dopamine in the NAcb. 

To investigate this possibility in vitro, we established primary cultures containing neurons from 

VTA or NAcb separately or in co-cultures.  Nicotine increased CRE-mediated gene expression 

only in co-cultures; this increase was blocked by nACh or dopamine D1 or D2 receptor 

antagonists. Further, sub-threshold concentrations of nicotine with ethanol increased gene 

expression in co-cultures, and this increase was blocked by nACh, D2, or adenosine A2A receptor 

antagonists, Gβγ or protein kinase A (PKA) inhibitors, and adenosine deaminase. These results 

suggest that nicotine activated VTA neurons, causing release of dopamine, which in turn 

stimulated both D1 and D2 receptors on NAcb neurons.  In addition, sub-threshold concentrations 

of nicotine and ethanol in combination also activated NAcb neurons through synergy between D2 

and A2A receptors.  These data provide a novel cellular mechanism, involving Gβγ subunits, A2A 

receptors, and PKA, whereby combined use of tobacco and alcohol could enhance the 

reinforcing effect in humans as well as facilitate long-term neuroadaptations, increasing the risk 

for developing co-addiction. 
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Introduction 

 

Alcoholism and nicotine addiction are significant public health problems (see Dani and Harris, 

2005). The vast majority of alcoholics also smoke tobacco, with a significantly greater incidence 

of ethanol dependence in smokers versus non-smokers (Miller and Gold, 1998). Early onset of 

smoking carries an increased risk for alcoholism later in life, in part because ethanol 

consumption is higher in smokers than in non-smokers (Rimm et al., 1995). Smoking is also 

associated with increased risk for alcoholism relapse and other substance abuse (Sobell et al., 

2002). Moreover, recent studies in PC12 cells show that ethanol up-regulates the expression of 

nicotinic acetylcholine receptors (nAChR) (Dohrman and Reiter, 2003), considered to reflect 

physical dependence on nicotine (Dani and Heinemann, 1996). However, despite frequent 

mutual reinforcement and co-morbidity of alcoholism and smoking (Miller and Gold, 1998), the 

cellular molecular mechanisms that underlie simultaneous addiction to ethanol and nicotine 

remain unclear. 

Here we focus on the mesolimbic system because of its central role in the regulation of 

reward, motivation, and addiction (see Wise, 2004). Cell bodies of dopaminergic neurons 

originate in the VTA and substantia nigra and project to forebrain structures such as the striatum, 

including the nucleus accumbens (NAcb). Acute exposure to addictive substances such as 

nicotine and ethanol increases extracellular dopamine in the NAcb, and dopamine appears to 

mediate some of the reinforcing actions of these drugs (see Wise, 2004) including nicotine 

(Balfour et al., 2000) and ethanol (Hodge et al., 1997; Weiss and Porrino, 2002). The reinforcing 

actions of nicotine are likely to be mediated in part by the VTA, since activation of nAChRs on 

dopaminergic neurons in the VTA enhances their firing rate, and causes dopamine release from 
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nerve terminals in the NAcb/striatum (see Wonnacott et al., 2005). Furthermore, behavioral 

studies suggest that nAChRs on VTA neurons are necessary for the reinforcing effects of 

nicotine (Corrigall et al., 1994) and ethanol (Ericson et al., 1998). In addition, nAChRs are 

strongly expressed in VTA neurons and their axon terminals, but NAcb/striatal medium spiny 

GABAergic neurons (MSNs) express relatively few postsynaptic nAChRs (Pakkanen et al., 

2005).    

Here, we use primary neuronal cultures prepared from the VTA/ventral midbrain 

(hereafter called VTA) and NAcb/striatum (hereafter called NAcb) to identify signaling events 

underlying synergistic interactions between nicotine and ethanol. Our studies suggest that 

nicotine binding to VTA neurons enhances release of dopamine, which in turn activates 

dopamine receptors on NAcb neurons. Activation of NAcb dopamine receptors induces CRE-

mediated gene expression hours later.  Importantly, sub-threshold concentrations of nicotine and 

ethanol were ineffective when applied separately in NAcb/VTA co-cultures, but co-application 

of nicotine and ethanol to co-cultures enhanced gene expression synergistically via dopamine 

and adenosine A2A receptors (A2AR) on NAcb neurons. 

 

Materials and Methods 

 

Materials. Reagents were purchased from Sigma except where indicated, including R(+)-7-

Chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride 

(SCH23390), S(−)-3-Chloro-5-ethyl-N-[(1-ethyl-2-pyrrolidinyl)methyl]-6-hydroxy-2-methoxy- 

benzamide hydrochloride (eticlopride), N-[2-(p-Bromocinnamylamino)ethyl]-5-isoquinoline-

sulfonamide dihydrochloride (H-89), and 3,7-Dihydro-8-[(1E)-2-(3-Methoxyphenyl)ethenyl]-7-
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methyl-3-[3-(phosphonooxy)propyl-1-(2-propynyl)-1H-purine-2,6-dione disodium salt hydrate 

(MSX-3). Neurobasal Medium, B-27, GlutaMAX-I Supplement, and Hank’s balanced salt 

solution (HBSS) were from Invitrogen (Carlsbad, CA); papain was from Worthington 

(Lakewood, NJ); Hibernate E was from Brain Bits LCC (Springfield, IL); polyclonal rabbit anti-

glutamic acid decarboxylase (GAD) and tyrosine hydroxylase (TH) antibodies were from 

Chemicon (Temecula, CA); FITC- or TR-conjugated anti-rabbit or anti-mouse secondary 

antibodies were from Jackson ImmunoReserach Laboratories, Inc. (West Grove, PA); Luciferase 

assay system was from Promega (Madison, WI);  β-galactosidase (β-gal) assay system was from 

Stratagene (La Jolla, CA). 

  Primary neuronal cultures. Neuronal cultures were prepared according to Yao et al. 

(2005) with some modifications. Pregnant Sprague-Dawley rats with 17-day-old embryos were 

anaesthetized with CO2. Two coronal brain slices containing either the NAcb or the VTA were 

made. NAcb and VTA were dissected with tweezers according to Alvarez-Bolado and Swanson 

(1995) and transferred to dissection buffer. After mincing into small pieces, tissues were digested 

by papain (20 U/ml) for 30 min at 37°C. Proteolytic papain activity was then stopped by adding 

0.5 mg/ml trypsin inhibitor solution (type I-S, Sigma). Single-cell suspensions were made by 

gentle trituration through edge-narrowed Pasteur pipettes in Hibernate E containing 1x B-27.  

After centrifugation at 1,000 rpm for 5 min, cell pellets were suspended in Neurobasal medium 

(NB) containing 1x B-27 and 0.5 mM GlutaMAX-I Supplement. Cells (16 x 104 or 7 x 104) were 

plated on 24-well plates or 8-well slides pre-coated with poly-D-lysine and laminin and 

incubated at 37°C with 5% CO2/ 95% air. Half of the medium was changed every 4 days. 

Neuronal cultures were used for experiments 13 days after plating on day 0. All procedures were 

performed with protocols approved by the Gallo Center Institutional Animal Care and Use 
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Committee and the National Institutes of Health Guidelines for the Care and Use of Laboratory 

Animals. 

Immunocytochemistry. Primary neurons were fixed for 15 min in 4% formaldehyde 

containing 120 mM sucrose. Fixed cells were rinsed with phosphate-buffered saline (PBS) and 

pre-incubated with blocking buffer (5% normal donkey serum in PBS) followed by incubation 

with primary antibodies specific for GAD (1:100) or TH (1:300). Cells were rinsed with PBS, 

incubated with FITC- or Texas Red-conjugated anti-rabbit or anti-mouse secondary antibody 

(diluted at 1:200), rinsed, and cover-slipped. No staining was evident when primary antibodies 

were pre-incubated with excess peptide antigen or in the absence of FITC- or TR-conjugated 

anti-rabbit or anti-mouse secondary antibody. Antibody specificity was confirmed by Western 

blots; no bands were detected after the primary antibodies were pre-absorbed with antigen (data 

not shown). 

  Confocal Microscopy. Images were obtained as a single plane near the center of the cell 

with Zeiss 510 scanning laser confocal microscope (Yao et al., 2005) and processed using Adobe 

Photoshop software.  

  Viral Vectors. HSVLacZ/CRE-Luc was prepared and transfected into neurons as 

described by Yao et al. (2003). Construction and production of recombinant Ad5βARK1 and 

Ad5LacZ vectors were as described in Yao et al. (2002).  

CRE-Luciferase Reporter Assay. CRE-mediated luciferase was assayed as a functional 

marker of cAMP/PKA signaling. Primary VTA and/or NAcb neurons were plated at a total of 16 

x 104 cells per well of 24-well plates and grown for 12 days in Neurobasal medium 

supplemented with 1x B27 and GlutaMAX. Cells were then infected overnight with 

HSVLacZ/CRE-Luc at 1 multiplicity of infection (MOI) in Neurobasal-only medium. Cells were 
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pre-incubated with dopamine transporter inhibitor, nomifensine (10 µM) for 20 min, then treated 

with drugs for 10 min in the presence of nomifensine, washed, and cultured for an additional 4 h 

before the luciferase assay. Nomifensine inhibition of transporter activity was used to enhance 

the otherwise low endogenous dopamine signaling (Murray and Gillies, 1993) and the ability of 

nicotine to elevate free dopamine levels. Inhibition of dopamine uptake was required to 

demonstrate a receptor response to extracellular dopamine in cell cultures, since 10 µM nicotine 

alone had no effect on CRE-luciferase activation in the absence of nomifensine (data not shown). 

Also, nomifensine alone decreased luciferase activity by ~30% relative to controls (data not 

shown). Nevertheless, CRE-mediated gene activation by high concentrations of nicotine or 

subthreshold nicotine and ethanol in combination was blocked by dopamine and/or adenosine 

receptor antagonists. Thus, our studies reliably determine the receptor and signaling mechanisms 

through which nicotine and ethanol interact to increase gene expression in cultured neurons. 

Luciferase activity was normalized to nomifensine control levels and expressed as relative 

luciferase units (RLU). 

Statistical Analysis. All values were expressed as the mean ± S.E.M. Data were 

analyzed by one-way analyses of variance (ANOVA), followed by the Dunnett’s test. A t-test 

was used when a single comparison between two means was required. The minimum level of 

significance accepted was set at p < 0.05. All data represent the mean ± SEM (n = 3), and are 

representative of at least three experiments. 

 

Results 
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Histochemical characterization of VTA and NAcb cultures and co-cultures. Primary 

neuronal cultures containing VTA alone, NAcb alone, and NAcb/VTA in co-culture were 

prepared as described in the Materials and Methods. Figure 1 shows that more than 90 % of the 

neurons in NAcb cultures were GABAergic MSNs, indicated by GAD immunoreactivity (Fig. 1; 

see also Yao et al., 2005). VTA cultures consisted primarily of dopaminergic neurons, indicated 

by TH immunoreactivity, and GABAergic neurons, indicated by GAD immunoreactivity (Fig. 

1).  

  Nicotine induces CRE-mediated gene expression in NAcb neurons only if co-

cultured with VTA neurons. Cultured neurons were infected with an HSV-packaged 

LacZ/CRE-Luc construct to examine nicotine- and/or ethanol-induced activation of cAMP-

dependent gene expression, which was taken to be an indirect indicator of neuronal activity. To 

determine whether CRE-mediated gene transcription was cell-context dependent, we assayed 

nicotine- and/or ethanol-induced CRE-luciferase activity 4 h after drug exposure (Asher et al., 

2002; Yao et al., 2002) in cultures containing VTA neurons alone, NAcb neurons alone, or both 

VTA and NAcb neurons in co-culture. Treatment with 1 or 10 µM nicotine for 10 min was 

without effect in cultures containing either VTA or NAcb neurons alone (Figs. 2A, B). By 

contrast, in combined NAcb/VTA co-cultures, 10 µM nicotine for 10 min significantly enhanced 

luciferase activity (Fig. 2C), suggesting that both neuronal cell types were required. Shorter 

exposure (2 min) to 10 µM nicotine was not sufficient to induce luciferase activity in NAcb/VTA 

co-cultures, and nicotine treatment for 30 min produced a similar increase in CRE-mediated gene 

expression as a 10 min exposure (Fig. 2D). Therefore, a 10 min time point was used in all 

subsequent experiments with nicotine. Also, dopamine transporter inhibition with nomifensine 

(10 µM) was used to enhance the otherwise low endogenous dopamine signaling (Murray and 
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Gillies, 1993) and the ability of nicotine to elevate free dopamine levels, since 10 µM nicotine 

alone had no effect on CRE-luciferase activation in the absence of nomifensine (data not shown). 

Also, continuous nicotine exposure can desensitize nACHRs (Dani and Harris, 2005), perhaps 

explaining why higher concentrations of nicotine were necessary for enhancement of gene 

expression. 

Our results demonstrate that nicotine promoted CRE-mediated gene expression only in 

cultures containing both VTA dopaminergic and NAcb GABAergic neurons. Nicotine-dependent 

stimulation of luciferase activity in these co-cultures was prevented by the nAChR antagonist d-

tubocurarine (dTc) (Fig. 3A), confirming a requirement for nAChR. Nicotine activates nAChRs 

on dopaminergic neurons to promote the release of dopamine (see Dani and Harris, 2005; 

Wonnacott et al., 2005). In addition, nAChRs are expressed only at relatively low levels 

postsynaptically on GABergic neurons in the NAcb (Pakkanen et al., 2005). Therefore, we 

hypothesized that nicotine-dependent gene expression in co-cultures was due to dopamine 

released from VTA neurons, which then activated NAcb GABAergic neurons postsynaptically. 

Previous studies found that most NAcb/striatal neurons in culture express both D1R and D2R on 

the same neurons (Aizman et al., 2000), and that combined D1R and D2R activation is required 

for dopamine-induced increases in NAcb firing rates in brain slices (Hopf et al., 2003). In 

agreement, inhibition of either the D1R alone with SCH23390 (2.5 µM, SCH) or the D2R alone 

with eticlopride (2.5 µM, Etic) fully blocked nicotine-induced luciferase activity (Fig. 3B). 

Although these antagonist concentrations are relatively high, they have been previously used in 

neural tissue to distinguish D1R from D2R signaling (e.g., Thomas et al., 2000; Zhu et al., 2007). 

These results indicate that extracellular dopamine was required for nicotine to induce CRE-

mediated gene expression in co-cultures of VTA and NAcb neurons. In addition, the A2AR 
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antagonist MSX-3 (100 nM) did not prevent the nicotine-induced enhancement in gene 

expression (Fig. 3B), indicating no role for A2AR (see below). 

Since activation of CRE-luciferase under these conditions requires cAMP/PKA signaling 

(Asher et al., 2002; Yao et al., 2002, 2003), we next examined the role of PKA in nicotine-

induced luciferase activation in NAcb/VTA co-cultures. As predicted, the PKA inhibitor H-89 

(10 µM) prevented nicotine-dependent, CRE-mediated luciferase activation in co-cultures (Fig. 

3B). These results are consistent with our earlier observation that PKA is required for the 

D1R/D2R-dependent activation of NAcb firing rates in brain slices (Hopf et al., 2003). Taken 

together, our data suggest that nicotine appears to activate nAChRs on VTA neurons in co-

culture, causing the release of dopamine. In turn, dopamine activates D1 and D2 receptors 

simultaneously on NAcb neurons in co-culture, leading to a PKA-dependent increase in CRE-

mediated luceriferase activity. This working hypothesis is supported by control studies in 

primary cultures containing either VTA alone or NAcb alone. Unlike in co-culture, nicotine did 

not increase luciferase activity in separate cultures of VTA or NAcb (Fig. 2B). 

Subthreshold concentrations of nicotine and ethanol in combination activate CRE-

mediated gene expression in NAcb/VTA co-cultures. We are interested in identifying 

molecular mechanisms that contribute to reinforcing co-morbidity of alcoholism and smoking in 

humans. Our earlier studies suggest that synergy between addicting agents, such as opiates and 

ethanol, activates PKA signaling and CRE-mediated gene expression (Yao et al., 2002, 2003, 

2005, 2006). Therefore, we next asked whether sub-threshold concentrations of nicotine and 

ethanol in combination would induce cAMP-dependent, CRE-mediated gene expression 

synergistically in co-cultures. A low concentration of ethanol (25 mM), previously shown to be 

sub-threshold for PKA activation in cultured neurons (Yao et al., 2002), did not alter CRE-
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mediated gene expression in cultures containing VTA neurons alone (Fig. 4B), NAcb neurons 

alone (Fig. 4A), or in NAcb/VTA co-cultures (Fig. 4C). Similarly, a low concentration of 

nicotine (3 µM) alone did not affect CRE-mediated gene expression in separate VTA (Fig. 4B) 

or NAcb (Fig. 4A) cultures, or in co-cultures (Fig. 4C). However, combined application of sub-

threshold concentrations of ethanol (25 mM) and nicotine (3 µM) for 10 min synergistically 

induced CRE-mediated luciferase activity 5 h later in co-cultures containing VTA and NAcb 

neurons together (Fig. 4C). Importantly, combined application of sub-threshold concentrations of 

ethanol and nicotine had no effect in separate VTA (Fig. 4B) or NAcb (Fig. 4A) cultures. Thus, 

synergy between sub-threshold concentrations of nicotine and ethanol required the presence of 

both VTA and NAcb neurons in co-culture. 

We next identified specific receptor requirements for activation of CRE-mediated gene 

expression by nicotine and ethanol. VTA neurons express β2- and α7-containing nAChRs (see 

Wonnacott et al., 2005). Synergistic enhancement of CRE-mediated gene expression by nicotine 

and ethanol required β2-containing nAChRs but not α7-containing nAChRs: luciferase 

activation was blocked by dihydro-β-erythrodine (50 µM, DHβE), a selective inhibitor of β2-

containing nAChRs, but not by α-bungarotoxin (10 nM; αBgt), a selective inhibitor of α7-

containing nAChRs (Fig. 5A). Dopamine receptor requirements were more complex. Activation 

of CRE-mediated gene expression in co-cultures by high concentrations of nicotine required both 

D1Rs and D2Rs (Fig. 3B). However, synergistic activation between sub-threshold concentrations 

of nicotine with ethanol required only D2 receptors. Thus, the D2R antagonist eticlopride 

inhibited luciferase activation by nicotine/ethanol, but the D1R antagonist SCH23390 did not 

(Fig. 5B). In an earlier study, we reported that synergy for PKA signaling involving ethanol 

required D2Rs and adenosine A2ARs (Yao et al., 2002). Here we find that the specific A2AR 
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antagonist MSX-3 (100 nM) prevented synergistic induction of CRE-dependent luciferase 

activity by nicotine and ethanol (Fig. 5B). In contrast, the A1R receptor 1,3-dipropyl-8-

cyclopentylxanthine (DPCPX, 100 nM) was without effect (Fig. 5B). Consistent with a 

requirement for A2ARs, and with the observation that adenosine is continually released by 

neuronal cells (Nagy et al., 1990; Brundege and Williams, 2002), degradation of extracellular 

adenosine by adenosine deaminase (1 U/mL, ADA) also prevented nicotine/ethanol activation of 

CRE-mediated gene expression (Fig. 5B). Importantly, A2AR inhibition did not inhibit luciferase 

activation by a saturating concentration of nicotine (Fig. 3B).  

These results suggest that synergy between sub-threshold concentrations of nicotine and 

ethanol required co-activation of D2R and A2AR. These findings are similar to a reported synergy 

between a D2R agonist and ethanol (Yao et al., 2002). In both cases ethanol acts through the 

A2AR, consistent with observations that ethanol inhibits an adenosine transporter to increase 

extracellular adenosine levels (Nagy et al., 1990). Further, activation of Gαi-linked receptors, 

such as the D2R, releases Gβγ subunits from Gi (Sunahara et al., 1996; Yao et al., 2002, 2003), 

and Gβγ subunits can act synergistically with Gαs/olf subunits (e.g., from A2ARs) to stimulate 

adenylyl cyclase isoforms AC II and IV to increase cAMP and activate PKA. Both AC II and IV 

are expressed in cultured NAcb neurons (Yao et al., 2002). Therefore, we asked whether synergy 

between sub-threshold concentrations of nicotine and ethanol for CRE-mediated gene expression 

required Gβγ subunits and subsequent activation of PKA. In support of this hypothesis, we found 

that synergistic activation of CRE-mediated luciferase expression by sub-threshold levels of 

nicotine and ethanol was prevented by viral expression of the dominant-negative Gβγ inhibitor, 

βARK1 (Fig. 5C), which scavenges Gβγ subunits (Yao et al., 2002), and also by the PKA 

inhibitor H-89 (Fig. 5B). Control viral construct (β-gal) was without effect (Fig. 5C). Since the 
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βARK construct is derived from the site where GRK2 interacts with Gβγ, we cannot completely 

rule out the possibility that this construct might inhibit GRK2 in addition to scavenging Gβγ 

subunits. However, the βARK construct utilized here is widely used to examine the contribution 

of Gβγ to intracellular signaling (e.g., Blackmer et al., 2001), and results from previous studies 

have shown similar inhibition of receptor synergy with βARK and the QEHA peptide, which 

interferes with Gβγ function via a different mechanism from βARK (Yao et al., 2002, 2003). 

Thus, synergistic enhancement of gene expression by nicotine and ethanol required activation of 

a Gαi- and Gαs/olf-linked receptors, as well as Gβγ and PKA, suggesting that this molecular 

mechanism of synergy might represent a final common pathway during action of several 

addictive drugs. 

 

Discussion 

 

Our major findings in co-cultures containing VTA and NAcb neurons support the hypothesis that 

nicotine, acting on VTA neurons, promotes the release of dopamine which activates postsynaptic 

dopamine receptors on NAcb neurons to stimulate CRE-mediated gene transcription (Fig. 6). In 

particular, we propose that, with higher concentrations of nicotine, there is greater activation of 

VTA neurons and dopamine release, and thus activation of both the higher affinity D2Rs and 

lower affinity D1Rs on MSNs (Missale et al., 1998). With sub-threshold concentrations of 

nicotine, activation of dopamine neurons and dopamine release may be more modest, leading to 

activation of D2Rs but not D1Rs on MSNs. When a lower concentration of ethanol, which is 

insufficient by itself to increase gene activation (Yao et al., 2002), is combined with the sub-

threshold levels of nicotine, we propose that this dose of ethanol moderately inhibits the 
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adenosine transporter and increases extracellular adenosine (Nagy et al., 1990), resulting in 

activation of A2ARs on MSNs. A2ARs can then interact with D2Rs to activate PKA and enhance 

CRE-mediated gene expression. Nicotine and ethanol had no effect in cultures containing either 

VTA neurons alone or NAcb neurons alone. Thus, our results represent a novel trans-synaptic 

cellular mechanism by which nicotine and ethanol can interact synergistically to increase NAcb 

PKA signaling, which could contribute significantly to the mutually reinforcing effects of each 

addicting agent and the development of co-addiction. 

Our results underscore the importance of the interaction of the nicotinic and 

dopaminergic systems in the etiology of nicotine and ethanol addiction. Blockade of nAChRs 

prevented gene activation in NAcb neurons by both a higher concentration of nicotine and by 

sub-threshold levels of nicotine and ethanol in combination. In this regard, a number of studies 

have shown that nicotine can enhance VTA neuron activity and NAcb dopamine release (see 

Dani and Harris, 2005; Wonnacott et al., 2005). Further, nicotine facilitates ethanol self-

administration and reinstatement (Le et al., 2003), and inhibition of nAChRs within the ventral 

midbrain reduces ethanol self-administration and prevents ethanol-mediated enhancement of DA 

release in the NAcb (Ericson et al., 1998; Tizabi et al., 2002). A similar pattern is observed for 

nicotine self-administration (Corrigall et al., 1994), suggesting that the VTA and NAcb 

contribute to the primary reinforcing effects of nicotine, although some components of nicotine 

reinforcement do not require dopamine (reviewed in Wonnacott et al., 2005). In addition, 

animals will self-administer ethanol directly into the VTA (Gatto et al., 1994), and ethanol alone 

or nicotine and ethanol in synergy could enhance VTA neuron activity (Brodie et al., 1990; Clark 

and Little, 2004; but see Ericson et al., 1998). Here, nicotine and ethanol did not enhance gene 

expression in cultures containing only VTA, and thus any effects on CRE-mediated gene 
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expression are likely to occur indirectly through dopamine released from VTA neurons. Electron 

microscopy studies have also shown a low density of nAChRs postsynaptically within the NAcb 

(Pakkanen et al., 2005), but these do not appear to be activated significantly in our cell culture 

studies, since nicotine did not enhance gene expression in NAcb-only cultures. Thus, our results 

support the hypothesis that nicotine increased gene expression in NAcb neurons indirectly by 

enhancing release of dopamine from VTA neurons. 

We propose that higher concentrations of nicotine result in more robust VTA activation 

and dopamine release, and that both D2R and D1R are activated and necessary for CRE-mediated 

gene activation. These results agree with a previous study in NAcb brain slice showing a 

D1R/D2R-mediated and Gβγ- and PKA-dependent synergistic enhancement in firing (Hopf et al., 

2003). In addition, ethanol self-administration is significantly reduced by antagonism of Gβγ 

(Yao et al., 2002) or D1R or D2R (Hodge et al., 1997) in the NAcb. However, D1R/D2R co-

localization might not be as prevalent in adult NAcb (Lee et al., 2006) relative to the more 

immature cultured neurons studied here (Aizman et al., 2000). Although not directly tested here, 

the requirement for both D1R and D2R in the nicotine-induced gene activation in cultured NAcb 

neurons perhaps suggests a role for Gβγ in the effects of higher concentrations of nicotine also. 

In contrast, under conditions of synergy, it appears that a requirement for the Gs-linked 

D1R was replaced by another Gs/olf-linked receptor, the adenosine A2AR, which is co-localized 

with the D2R in adult NAcb neurons (Svenningson et al., 1999). Interestingly, ethanol can 

activate A2ARs in neuronal cultures (Yao et al., 2002) by increasing extracellular concentrations 

of adenosine (Nagy et al., 1990), and an A2AR antagonist or enzymatic degradation of 

extracellular adenosine by adenosine deaminase prevented synergy between nicotine and 

ethanol. Moreover, A2R activation likely occurred only on NAcb neurons, since VTA neurons 
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express few A2Rs relative to NAcb (Svenningson et al., 1999). Our results also predict that 

ethanol-mediated A2AR activation should synergize with D2R agonists in MSNs, which we have 

observed (Yao et al., 2002). 

Thus, under all experimental conditions examined here, activation of CRE-mediated gene 

expression in co-cultures required both Gi-linked and Gs/olf-linked receptors. We have 

previously shown that synergy between Gs- and Gi-linked receptors in the same NAcb neuron is 

observed during the interaction of several addicting drugs, including ethanol, cannabinoids and 

opiates (Yao et al., 2003, 2005). In all cases, these examples of postsynaptic synergy require Gβγ 

subunits, stimulation of cAMP production by adenylyl cyclase II and IV, and activation of PKA. 

Here, synergistic stimulation of CRE-mediated gene expression by nicotine and ethanol in co-

cultures of VTA and NAcb neurons also required both Gβγ subunits and PKA. Synergy between 

receptors involved in addiction also appears to share a common requirement for A2AR activation 

in cultured neurons (Yao et al., 2002, 2003) and in vivo (Yao et al., 2006). Thus, Gβγ-, PKA-, 

and A2AR-mediated synergy in the NAcb might represent a final common pathway through 

which addictive drugs exert their reinforcing effects. Our results are also in agreement with a 

number of studies suggesting the importance of cAMP/PKA signaling in cellular and animal 

models of addiction and withdrawal (Wise, 2004; Carlezon et al., 2005), including ethanol self-

administration (Wand et al., 2001). 

The requirement for nomifensine in order to observe nicotine-mediated and 

nicotine/ethanol-mediated enhancement in gene expression could suggest that the results here 

might be more relevant to humans with addiction to psychostimulants in combination with 

nicotine or nicotine/ethanol. Although we cannot rule out this possibility, we considered it more 

likely that the requirement for nomifensine reflects otherwise low endogenous dopamine 
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signaling (Murray and Gillies, 1993), and we speculate that, in the intact brain of the addicted 

animal or human, there are likely to be a number of other factors released, in particular glutamate 

(Adell and Artigas, 2004), which may increase the activity of and facilitate dopamine release 

from dopamine neurons. 

In summary, our results are the first to show that a Gβγ- and A2AR-dependent PKA 

pathway mediates a transsynaptic interaction between nicotine and ethanol, resulting in CRE-

mediated gene expression in NAcb neurons in co-culture with VTA. Our results support a 

working model in which higher concentrations of nicotine activate dopaminergic neurons of the 

VTA, resulting in sufficient dopamine release to activate D1Rs and D2Rs on NAcb neurons and 

enhance gene activation. With sub-threshold levels of nicotine and ethanol in combination, 

nicotine activation of VTA neurons may produce dopamine release sufficient for activation of 

D2Rs but not D1Rs, and thus simultaneous ethanol activation of A2ARs on NAcb neurons by 

increased extracellular adenosine levels (Nagy et al., 1990) is required for CRE-mediated gene 

activation. Thus, nicotine/ethanol interaction through co-activation of D2R and A2R might 

contribute both to the initial reinforcing effect of these drugs, as well as to the longer-term neuro-

adaptations through CRE-mediated gene expression that contribute to the development of 

addiction (Carlezon et al., 2005). It is tempting to speculate that synergy between receptor 

signaling pathways may account for the central role of the NAcb in regulating nicotine and 

ethanol intake. Thus, drugs that inhibit Gβγ function and/or synergy between A2ARs and D2Rs 

might prevent, attenuate, or reverse excessive smoking and drinking and their serious health 

risks.  

 

Acknowledgements. We thank Lisa Daitch for help proofreading and editing. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 27, 2007 as DOI: 10.1124/jpet.107.120675

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #120675 

 
19

References 

Adell A and Artigas F (2004) The somatodendritic release of dopamine in the ventral tegmental 

area and its regulation by afferent transmitter systems. Neurosci Biobehav Rev 28:415-

431. 

Aizman O, Brismar H, Uhlen P, Zettergren E, Levey AI, Forssberg H, Greengard P and Aperia A 

(2000) Anatomical and physiological evidence for D1 and D2 dopamine receptor 

colocalization in neostriatal neurons. Nat Neurosci 3:226-230. 

Alvarez-Bolado G and Swanson LW (1995) Structure of the Embryonic Rat Brain. Elsevier 

Science Publishers, Amsterdam. 

Asher O, Cunningham TD, Yao L, Gordon AS and Diamond I (2002) Ethanol stimulates cAMP-

responsive element (CRE)-mediated transcription via CRE-binding protein and cAMP-

dependent protein kinase. J Pharmacol Exp Ther 301:66-70. 

Balfour DJ, Wright AE, Benwell ME and Birrell CE (2000) The putative role of extra-synaptic 

mesolimbic dopamine in the neurobiology of nicotine dependence. Behav Brain Res 

113:73-83.  

Blackmer T, Larsen EC, Takahashi M, Martin TF, Alford S, and Hamm HE (2001) G protein 

betagamma subunit-mediated presynaptic inhibition: regulation of exocytotic fusion 

downstream of Ca2+ entry. Science 292:293-297.    

Brodie MS, Shefner SA and Dunwiddie TV (1990) Ethanol increases the firing rate of dopamine 

neurons of the rat ventral tegmental area in vitro. Brain Res 508:65-69. 

Brundege JM and Williams JT (2002) Differential modulation of nucleus accumbens synapses. J 

Neurophysiol 88:142-151. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 27, 2007 as DOI: 10.1124/jpet.107.120675

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #120675 

 
20

Carlezon WA, Jr., Duman RS and Nestler EJ (2005) The many faces of CREB. Trends Neurosci 

28:436-445. 

Clark A and Little HJ (2004) Interactions between low concentrations of ethanol and nicotine on 

firing rate of ventral tegmental dopamine neurones. Drug Alcohol Depend 75:199-206. 

Corrigall WA, Coen KM and Adamson KL (1994) Self-administered nicotine activates the 

mesolimbic dopamine system through the ventral tegmental area. Brain Res 653:278-284. 

Dani JA and Harris RA (2005) Nicotine addiction and comorbidity with alcohol abuse and 

mental illness. Nat Neurosci 8:1465-1470. 

Dani JA and Heinemann S (1996) Molecular and cellular aspects of nicotine abuse. Neuron 

16:905-908. 

Dohrman DP and Reiter CK (2003) Ethanol modulates nicotine-induced upregulation of 

nAChRs. Brain Res 975:90-98. 

Ericson M, Blomqvist O, Engel JA and Soderpalm B (1998) Voluntary ethanol intake in the rat 

and the associated accumbal dopamine overflow are blocked by ventral tegmental 

mecamylamine. Eur J Pharmacol 358:189-196. 

Gatto GJ, McBride WJ, Murphy JM, Lumeng L and Li TK (1994) Ethanol self-infusion into the 

ventral tegmental area by alcohol-preferring rats. Alcohol 11:557-564. 

Hodge CW, Samson HH and Chappelle AM (1997) Alcohol self-administration: further 

examination of the role of dopamine receptors in the nucleus accumbens. Alcohol Clin 

Exp Res 21:1083-1091. 

Hopf FW, Cascini MG, Gordon AS, Diamond I and Bonci A (2003) Cooperative activation of 

dopamine D1 and D2 receptors increases spike firing of nucleus accumbens neurons via 

G-protein betagamma subunits. J Neurosci 23:5079-5087. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 27, 2007 as DOI: 10.1124/jpet.107.120675

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #120675 

 
21

Le AD, Wang A, Harding S, Juzytsch W and Shaham Y (2003) Nicotine increases alcohol self-

administration and reinstates alcohol seeking in rats. Psychopharmacology 168:216-221. 

Lee KW, Kim Y, Kim AM, Helmin K, Nairn AC and Greengard P (2006) Cocaine-induced 

dendritic spine formation in D1 and D2 dopamine receptor-containing medium spiny 

neurons in nucleus accumbens. Proc Natl Acad Sci USA 103:3399-3404.  

Miller NS and Gold MS (1998) Comorbid cigarette and alcohol addiction: epidemiology and 

treatment. J Addict Dis 17:55-66. 

Missale C, Nash SR, Robinson SW, Jaber M and Caron MG (1998) Dopamine receptors: from 

structure to function.  Physiol Rev 78:189-225. 

Murray HE and Gillies GF (1993) Investigation of the ontogenetic pattern of rat hypothalamic 

dopaminergic neurone morpholoy and function in vitro. J Endocrinol 139:403-414. 

Nagy LE, Diamond I, Casso DJ, Franklin C and Gordon AS (1990) Ethanol increases 

extracellular adenosine by inhibiting adenosine uptake via the nucleoside transporter. J 

Biol Chem 265:1946-1951. 

Pakkanen JS, Jokitalo E and Tuominen RK (2005) Up-regulation of beta2 and alpha7 subunit 

containing nicotinic acetylcholine receptors in mouse striatum at cellular level. Eur J 

Neurosci 21:2681-2691. 

Rimm EB, Chan J, Stampfer MJ, Colditz GA and Willett WC (1995) Prospective study of 

cigarette smoking, alcohol use, and the risk of diabetes in men. BMJ 310:555-559. 

Sobell LC, Sobell MB and Agrawal S (2002) Self-change and dual recoveries among individuals 

with alcohol and tobacco problems: current knowledge and future directions. Alcohol 

Clin Exp Res 26:1936-1938. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 27, 2007 as DOI: 10.1124/jpet.107.120675

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #120675 

 
22

Sunahara RK, Dessauer CW and Gilman AG (1996) Complexity and diversity of mammalian 

adenylyl cyclases. Annu Rev Pharmacol Toxicol 36:461-480. 

Svenningsson P, Le Moine C, Fisone G and Fredholm BB (1999) Distribution, biochemistry and 

function of striatal adenosine A2A receptors. Prog Neurobiol 59:355-396. 

Thomas MJ, Malenka RC, and Bonci A (2000) Modulation of Long-Term Depression by 

Dopamine in the Mesolimbic System. J Neurosci 20:5581-5586. 

Tizabi Y, Copeland RL, Jr., Louis VA and Taylor RE (2002) Effects of combined systemic 

alcohol and central nicotine administration into ventral tegmental area on dopamine 

release in the nucleus accumbens. Alcohol Clin Exp Res 26:394-399. 

Wand G, Levine M, Zweifel L, Schwindinger W and Abel T (2001) The cAMP-protein kinase A 

signal transduction pathway modulates ethanol consumption and sedative effects of 

ethanol. J Neurosci 21:5297-5303. 

Weiss F and Porrino LJ (2002) Behavioral neurobiology of alcohol addiction: recent advances 

and challenges. J Neurosci 22:3332-3337. 

Wise RA (2004) Dopamine, Learning, and Motivation. Nat Rev Neurosci 5:483-494. 

Wonnacott S, Sidhpura N and Balfour DJ (2005) Nicotine: from molecular mechanisms to 

behaviour. Curr Opin Pharmacol 5:53-59. 

Yao L, McFarland K, Fan P, Jiang Z, Ueda T and Diamond I (2006) Adenosine A2a blockade 

prevents synergy between mu-opiate and cannabinoid CB1 receptors and eliminates 

heroin-seeking behavior in addicted rats. Proc Natl Acad Sci USA 103:7877-7882. 

Yao L, Arolfo MP, Dohrman DP, Jiang Z, Fan P, Fuchs S, Janak PH, Gordon AS and Diamond I 

(2002) betagamma Dimers mediate synergy of dopamine D2 and adenosine A2 receptor-

stimulated PKA signaling and regulate ethanol consumption. Cell 109:733-743. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 27, 2007 as DOI: 10.1124/jpet.107.120675

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #120675 

 
23

Yao L, Fan P, Jiang Z, Mailliard WS, Gordon AS and Diamond I (2003) Addicting drugs utilize 

a synergistic molecular mechanism in common requiring adenosine and Gi-beta gamma 

dimers. Proc Natl Acad Sci U S A 100:14379-14384. 

Yao L, McFarland K, Fan P, Jiang Z, Inoue Y and Diamond I (2005) Activator of G protein 

signaling 3 regulates opiate activation of protein kinase A signaling and relapse of 

heroin-seeking behavior. Proc Natl Acad Sci U S A 102:8746-8751. 

Zhu Z-T, Munhall AC and Johnson SW (2007) Tyramine excites rat subthalamic neurons in vitro 

by a dopamine-dependent mechanism. Neuropharmacology 52:1169-1178.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 27, 2007 as DOI: 10.1124/jpet.107.120675

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #120675 

 
24

Footnotes 

 

Supported by funds provided by the State of California for medical research on alcohol and 

substance abuse through the University of California, San Francisco (AB), and by the 

Department of the Army, Grant #DAMD17-03-1-0061 (ID). The U.S. Army Medical Research 

Acquisition Activity, 820 Chandler Street, Fort Detrick, MD 21702-5014 is the awarding and 

administering acquisition office. The content of the information represented does not necessarily 

reflect the position or the policy of the Government, and no official endorsement should be 

inferred. 

 

1Y.I., present affiliation: Nara Medical University, Dept. of Psychiatry, Kashihara, Nara, Japan 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 27, 2007 as DOI: 10.1124/jpet.107.120675

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #120675 

 
25

Legends for Figures 

Fig. 1. Immunocytochemical detection of GABAergic and dopaminergic neurons in primary 

cultures. Double staining with glutamic acid decarboxylase (GAD) and tyrosine hydroxylase 

(TH) antibodies using primary cultures of striatal/NAcb neurons alone (NAcb), ventral 

mesencephalon alone (VTA) and NAcb/VTA co-culture after 13 days in vitro. Scale bar equals 

20 µm. 

 

Fig. 2.  Nicotine induces CRE-mediated gene expression only in NAcb/VTA co-culture. A, B, 

Neither 1, 3, or 10 µM nicotine treatment (Nic1, Nic3, or Nic10) (10 min, under pretreatment 

with 10 µM nomifensine) enhanced luciferase activity in cultures containing only NAcb (A) or 

only VTA (B). C, 10 µM nicotine (10 min) significantly enhanced luciferase activity in 

NAcb/VTA co-cultures. D, A 2 min exposure did not enhance gene expression, and 10 min and 

30 min exposures produced a similar enhancement in gene expression. 

 

Fig. 3. Activation of nAChR induces CRE-mediated gene expression in NAcb/VTA co-culture 

through D1R, D2R, and PKA. A, Enhancement of luciferase activity in co-cultures by 10 µM 

nicotine (Nic10) was prevented by d-tubocurarine (100 µM, dTc), a non-selective nAChR 

antagonist. B, Inhibition of D1R or D2R alone or together prevented nicotine-induced luciferase 

activition, using SCH23390 (2.5 µM, SCH) and eticlopride (2.5 µM, Etic) to block D1Rs and 

D2Rs, respectively. Also, nicotine-induced luciferase activation in NAcb/VTA co-cultures was 

prevented by the PKA inhibitor, H-89 (10 µM), but not by the adenosine A2R inhibitor MSX-3, 

(100 nM).  
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Fig. 4. Sub-threshold concentrations of nicotine and ethanol in combination activate CRE-

mediated gene expression in NAcb/VTA co-cultures. A, B, Ethanol (25 mM, E25), nicotine (3 

µM, Nic3) or combined application of 3 µM nicotine and 25 mM ethanol (NE) for 10 min had no 

effect on gene expression in separate NAcb cultures (A) or VTA cultures (B). Nic3 results are 

the same as in Figure 2. C, Combined application of 3 µM nicotine and 25 mM ethanol 

synergistically enhanced CRE-mediated luciferase activity in NAcb/VTA co-cultures.  

 

Fig. 5. CRE-mediated gene expression in co-culture by a combination of 3 µM nicotine and 25 

mM ethanol (NE) requires β2-containing nAChR, D2Rs, A2Rs, Gβγ, and PKA. A, 

Nicotine/ethanol-induced gene activation in co-cultures was blocked by dihydro-β-erythrodine 

(50 µM, DHβE), an inhibitor of β2-containing nAChRs, but not by α-bungarotoxin (10 nM; 

αBgt), an inhibitor of α7-containing nAChRs. B, Nicotine/ethanol-induced gene activation in co-

cultures was prevented by inhibition of D2Rs (with eticlopride) and A2Rs (with MSX-3) but not 

D1Rs (with SCH23390) or A1Rs (with DPCPX, 100 nM). Gene activation was also inhibited by 

removal of extracellular adenosine with adenosine deaminase (1 U/mL, ADA). C, Transfection 

of NAcb/VTA co-cultures with the Gβγ scavenger and inhibitor, Ad5-βARK1, prevented 

nicotine/ethanol-induced gene activation, while a control construct, Ad5LacZ, had no effect.  

 

Fig. 6. Schematic representations of hypothesized D2R and D1R or A2AR activation-induced 

CRE-mediated gene expression in the postsynaptic NAcb neuron. A, High concentrations of 

nicotine release enough dopamine to stimulate both D2Rs and D1Rs and activate cAMP-PKA-

CREB signaling and CRE-mediated gene expression, perhaps via Gαs/olf from the Gs-coupled 
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D1Rs and Gβγ subunits from D2Rs (Hopf et al., 2003). B, Low concentrations of nicotine release 

less dopamine, activating only the high affinity D2R. Gαs/olf is released from activated A2ARs 

due to ethanol-induced increase of extracellular adenosine. A2AR activation coupled with release 

of Gβγ from the Gi/o-coupled D2Rs synergistically stimulates the adenylyl cyclase (AC)-cAMP-

PKA-CREB pathway, inducing CRE-mediated gene expression. 
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